The dominant variability modes in the Tropics are investigated and contrasted with the anomalous situation observed during the last few years. The prime quantity analyzed is anomalous sea surface temperature (SST) in the region 30ЊS-60ЊN. Additionally, observed tropical surface wind stress fields were investigated. Further tropical atmospheric information was derived from a multidecadal run with an atmospheric general circulation model that was forced by the same SSTs. The tropical SST variability can be characterized by three modes: an interannual mode [the El Niño-Southern Oscillation (ENSO)], a decadal mode, and a trend or unresolved ultralow-frequency variability.
Introduction
The anomalous conditions during the 1990s were characterized by persistent large-scale positive SST anomalies in the tropical Pacific and a weakening of the trade winds (Fig. 1) . A detailed description of this unusual situation can be found, for instance, in Kleeman et al. (1996) , Ji et al. (1996) , Zhang et al. (1997) , and Goddard and Graham (1997) . The SST anomalies had serious negative climatic impacts on several regions, such as northeastern Australia, which suffered from a multiyear drought. The origin of this abnormal situation is still a matter of debate. Did we observe a ''permanent'' El Niño-a change in the mean state of the trop- Ji et al. (1996). ical Pacific that is related to greenhouse warming-or simply an expression of decadal variability? As can be inferred from Fig. 1 , the tropical Pacific SST anomaly shows aspects of ENSO (e.g., Rasmusson and Carpenter 1982) , decadal variability (e.g., Graham 1994; Trenberth and Hurell 1994) , and greenhouse gas induced warming (e.g., Meehl and Washington 1996) .
The aim of our work is to provide an objective basis to discuss the most recent anomalous conditions. Our study is similar to the one by Barnett (1984) , who tested several competing El Niño theories. In this study, we test the hypotheses put forward to explain the anomalous 1990s. We reanalyzed the tropical climate variability for the period 1949-94 for this purpose, in order to derive the fundamental modes of variability in the tropical climate system and to contrast them with the conditions observed during the last few years. Special emphasis is given to the dynamical consistensy of the different hypotheses with the conditions observed during recent years.
We follow an approach that involves both observations and model data. Observed SSTs are investigated in the first step, in order to derive the leading modes of tropical climate variability. The associated atmospheric anomalies are then derived from observations and, in a second step, from an atmospheric general circulation model (AGCM) forced by these SSTs. The AGCM provides a consistent database for the whole time period, which could not be obtained by using observations only. A similar strategy using observed and model data was adopted by Graham (1995) , who investigated the recent increase in global temperatures and the responsible physical processes. As will be shown below, we compared the simulated with the observed surface stress variations, and this comparison shows clearly that our model reproduces realistically the tropical climate variability.
We describe in section 2 the data, the statistical method, and the models used in this study. In section 3, we describe the fundamental modes of tropical climate variability. We discuss in section 4 the anomalous conditions observed during the 1990s in light of the variability modes identified. The hybrid coupled model results are presented in section 5. The paper is concluded with a summary and discussion of our main findings in section 6.
Data, statistical method, and model descriptions a. SST and rainfall observations
The primary quantity analyzed is SST. It was taken from the GISST (Global Ice Sea Surface Temperature) (version 1.1) dataset (Parker et al. 1995) , a development from the British meteorological service (UKMO) SST dataset (Bottmomley et al. 1990 ). The GISST dataset contains global SST data on a 1Њ ϫ 1Њ grid for the period 1949-91. We also used the SST dataset of Reynolds and Smith (1994) , which was provided by the National Meteorological Center (NMC, now known as the National Centers for Environmental Prediction), covering the period 1982-94. The reasons for doing so are to get an indication of the differences between the two SST analyses and to extend the UKMO record. The NMC dataset is also global and provided on a 1Њ ϫ 1Њ grid. For use in this study, the SSTs were interpolated onto the Gaussian grid of our atmosphere model, which has a resolution of about 2.8Њ ϫ 2.8Њ (see below for further details). Although we are specifically interested in the Tropics, we analyzed the SSTs in the region 30ЊS-60ЊN, in order to identify possible links to the midlatitudes of the Northern Hemisphere.
We also used rainfall observations from northeast Australia. This dataset was compiled from station data in the region 135Њ-155ЊE and 11Њ-26ЊS.
b. Statistical method
Our statistical investigation of the SSTs is based on the method of ''Principal Oscillation Patterns'' (POPs), which is designed to extract the dominant modes of variability from a multidimensional dataset (Hasselmann 1988; von Storch et al. 1995) . The POPs are the eigenvectors of the system matrix obtained by fitting the data to a multivariate first-order Markov process. POPs are, in general, complex with real part p 1 and imaginary part p 2 . The corresponding complex POP coefficient time series, which are obtained by projection onto the adjoint POPs, satisfy the standard damped harmonic oscillator equation, so that the evolution of the system in the two-dimensional POP space can be interpreted as a cyclic sequence of spatial patterns:
The characteristic period to complete a full cycle will be referred to as the rotation period and the e-folding time for exponential decay as the damping time. The two timescales are estimated as part of the POP analysis. POPs can also be real. In this case, they respresent exponentially decaying modes. Additionally, associated regression patterns were computed from the observed stresses and the output of an AGCM driven with the observed SSTs by regressing the atmospheric fields onto the POP coefficient time series.
We investigated first the GISST SSTs, that is, the period 1949-91. The linear trend was removed prior to the POP analysis and is discussed separately. We obtained very similar results when we did not detrend the data prior to the POP analysis, the trend being described by a real POP mode. However, we felt more comfortable by removing the linear trend first for the sake of stationarity. The SST data were subjected to three additional manipulations prior to the POP analysis: The annual cycle was removed; the SSTs were smoothed applying a 5-month running mean filter and projected onto the first 10 EOFs accounting for about 65% of the total variance in the SST data.
The NMC SSTs were processed in the same way and then projected onto the leading two POP modes derived from the UKMO SSTs. This enables us to investigate the differences between the two SST datasets during the overlapping time period 1982-1991 and to extend our analysis of the anomalous 1990s to the end of 1994. In particular, we can compute ''pseudo'' principal components (PPCs) from the NMC SSTs that provide an objective measure of the strengths of the trend and the leading two POP modes during the 1990s.
c. Observed surface stresses
We derived the atmospheric fields that go along with the variability modes computed from the SSTs from both observations and a model simulation. Observed surface stresses were obtained from the dataset of da Silva et al. (1994) , which was available for the period 1945-89. This dataset is an objective analysis of COADS onto a 1Њ ϫ 1Њ grid. We interpolated, however, the data onto a 5Њ ϫ 4Њ grid to do our analyses. Here, we use only the period 1949-89, which overlaps with both the SST (GISST) observations and the model simulation .
d. AGCM data
We also used data from the output of our AGCM ECHAM-3, the Hamburg version of the European center operational weather forcasting model. The model is described in detail in two reports (Roeckner et al. 1992; DKRZ 1992) . ECHAM-3 is a global low-order spectral model with a triangular truncation at wavenumber 42 (T42). The nonlinear terms and the parameterized physical processes are calculated on a 128 ϫ 64 Gaussian grid, which yields a horizontal resolution of about 2.8Њ ϫ 2.8Њ. There are 19 levels in the vertical that are defined on surfaces in the lower troposphere and on p surfaces in the upper troposphere and in the stratosphere. ECHAM-3 was forced by the GISST SSTs for the period 1949-90, and we use here the surface wind stresses and sea level pressures from this run.
We shall use the model data only in the Tropics, since this region is strongly controlled by the SSTs (e.g., Lau 1985) , so that multiple realizations are not necessary. The AGCM ECHAM-3 simulates realistically the tropical variability, as can be inferred from the paper of Stendel and Bengtsson (1996) , who compared the recent observed tropospheric temperature changes with the corresponding model simulation. Here we show a comparison of the simulated with the observed zonal surface stress anomalies in the western equatorial Pacific, which is the most important region in our discussion, as described below (Fig. 2) . The correlation between the observations and the simulation amounts to 0.7. Thus, we believe that our atmosphere model is well suited to study tropical climate variability.
Both the observed stresses and the AGCM data were preprocessed in the same way as the SST data; that is, we removed the linear trend (which is discussed separately in section 3a) and the annual cycle, and we smoothed them with a 5-month running mean filter.
e. Hybrid coupled model
The hybrid coupled model (HCM) used here is very similar to the model described by Barnett et al. (1993) . It consists of an ocean general circulation model of the tropical Pacific coupled to a statistical atmosphere model. Details of the model and results of a number of sensitivity and prediction experiments can be found in Flügel (1994) and Fischer et al. (1997, manuscript submitted to Mon. Wea. Rev.) . For the parameters chosen in this study, the HCM simulates a self-sustained and quasi-regular ENSO cycle, with a period of 5 yr. As shown in Barnett et al. (1993) and Flügel (1994) the space-time structure of the simulated ENSO cycle compares favorably well with observations, and the HCM's predictive skill in forecasting observed SST anomalies in the equatorial Pacific is rather high up to lead times of about 1 yr.
A series of 100-yr integrations was performed with the HCM, in order to study the sensitivity of the ENSO cycle to changes in the background conditions. For this purpose, low-frequency surface wind stress anomalies derived from the AGCM run forced by the observed SSTs were added to the model, which in turn introduce low-frequency changes in the three-dimensional density structure of the ocean. We restricted ourselves to investigate the impact of changes in the surface wind stress, since it is the most important forcing function for equatorial oceans. The associated changes in the surface heat flux are not considered.
Variability modes a. Trends
We now turn to the description of the variability modes in the tropical climate system. We address first the linear trend in SST. This trend is a matter of intense scientific and public discussion, since it might reflect some aspects of SST changes associated with anthropogenic climate change. We note, however, that some regional features of the trend pattern are sensitive to the period considered. The SST trend pattern (Fig. 3a) shows, for instance, some aspects of the pattern of the VOLUME 10 third EOF shown by Parker and Folland (1991) , who analyzed global SST fields for this century. In particular, Parker and Folland (1991) described the quasi-interhemispheric SST variations in the Atlantic, which are also found in the trend pattern. This, however, does not affect our conclusions, since we are mostly interested in the tropical Pacific.
The SST trend pattern shows some similarities to the anomalous conditions observed during the last years ( Fig.  1 ) and to the warming pattern simulated by global coupled models in CO 2 -scenario runs (e.g., Hegerl et al. 1997 , manuscript submitted to J. Climate; Murphy and Mitchell 1995; Meehl and Washington 1996) . There is a clear tendency for all three equatorial regions to warm up, while parts of the subtropics and the midlatitudes of the Northern Hemisphere cool. Warming is also found along the west coast of North America, which is probably a response to the strengthened Aleutian low, as observed during the last decades (Meehl and Washington 1996) and the associated anomalous warm air advection. It is likely that the cooling in the North Pacific is also related to the intensified Aleutian low (e.g., Namias 1963; Cayan 1992 , Wallace et al. 1990 Wallace et al. 1996) . A deepened Aleutian low is accompanied by enhanced westerlies, which will lead to reduced Ekman heat transport, enhanced oceanic mixing, and stronger oceanic heat loss. All three processes will tend to cool the ocean, consistent with the model study of Miller et al. (1994) .
The variances explained by the linear trend are relatively high in the Indian Ocean and far western equatorial Pacific (Fig. 3b) , with maximum explained variances of about 30% near the equator south of India relative to the raw monthly anomalies. Thus, a considerable part of the warm pool region has warmed significantly at a rate of at least 0.1ЊC per decade. The trends in the eastern tropical Pacific are relatively small and do not account for much variance. Thus, the SST gradient along the Pacific equator is enhanced, and this can have important implications for the Walker circulation over the Pacific, as described below. Two other regions of relatively high explained variances are found. The first is located in the North Atlantic, which cooled considerably, while the second is found in the subtropical Atlantic of the Southern Hemisphere, which shows a relatively strong warming tendency.
We computed then the linear trends from the observed surface stresses (Fig. 4a) . Of particular importance here is the tropical Pacific, which shows a strengthening of the trade winds. Anomalous convergence is found in the equatorial Pacific near the date line. The trends in the surface wind stress as derived from our AGCM simulation show like the observations also a general intensification of the equatorial circulation (Fig. 4b) . Anomalously strong easterlies are simulated over the equatorial Pacific and anomalously strong westerlies over the Indian Ocean, with anomalously strong convergence in the far western Pacific, which is accompanied by anomalous low pressure in this region (Fig. 4c) . The intensification of the easterlies over the tropical Pacific in the observations was also reported by Posmentier et al. (1989) . However, it is still a matter of debate to which extent the trends in the wind observations are due to changing measurement techniques (e.g., Cardone et al. 1990) . Our model results indicate that the trends might be real. However, there are large regional differences between the observed and simulated trend patterns. At this stage, we do not know whether these differences must be attributed to imperfections in the observations and/or the model simulation.
Largest explained variances are found in both the observations and the model simulation over the equatorial Pacific and amount to about 10% relative to the raw monthly anomalies in the centers of action (not shown). The intensification of the Pacific trade wind field near the equator should result in a cooling of the SSTs in the eastern and central equatorial Pacific. Stronger easterlies would induce enhanced Ekman divergence, which in turn would lead to enhanced equatorial upwelling and cooler SSTs. However, as shown above, the SSTs show a warming trend (Fig. 3a) , although a relative minimum is found in the eastern and central equatorial Pacific. We therefore conclude that the observed warming trend must be forced by other processes than changes in the surface wind stress. Nevertheless, the changes in the wind stress might provide important dynamical feedbacks that can slow down the warming in the eastern equatorial Pacific, where the thermocline shoals, and enhance the warming in the west, where the thermocline deepens, in response to stronger easterlies.
The trends in the simulated sea level pressure (SLP) show reduced pressure over the Pacific and Indian Oceans and enhanced pressure over most of the Atlantic Ocean (Fig. 4c) . Most significant are the reduction in SLP over the western equatorial Pacific and the increase in SLP over the western equatorial Atlantic, with explained variances of about 10% and 20% relative to the raw monthly anomalies, respectively (not shown). Neither the tropical SLP nor the surface wind stress responses do show Southern Oscillation-type patterns (cf.
Figs. 7 and 8). Thus, although the warming trend in the tropical Pacific is somewhat reminiscent of the conditions observed during El Niño (Fig. 6b) , the associated changes in the atmosphere do not support the picture that the trend pattern looks like a ''giant'' El Niño. If the observed SST trends reflect greenhouse warming, our results contradict the model results of Meehl and Washington (1996) , who argue that greenhouse warming in the tropical Pacific will look like present-day El Niños.
The trends in and over the entire Pacific are more consistent with a strengthened atmospheric circulation in response to enhanced tropical convection, and this is confirmed by the trends in the simulated precipitation, which show enhanced rainfall over the western equatorial Pacific (Fig. 4d) . The regional variations in the SST trends observed are entirely consistent with this picture. The minimum in the warming of the eastern and central equatorial Pacific, the relatively strong warming of the warm pool in the western equatorial Pacific, the cooling of the North Pacific, all of those, might result from the changes in the atmospheric circulation associated with enhanced tropical convection. Thus, greenhouse warming might evolve conceptually in two steps. In the first step, tropical convection is enhanced by the nonlinear water vapor feedback. Then, in the second step, the dynamical feebacks associated with the enhanced atmospheric circulation will lead to the characteristic spatial SST variations observed. To test this hypothesis, additional numerical experimentation, however, is required and under way.
b. ENSO mode
We now turn to the POP analysis of the UKMO SSTs. The linear trend in SST discussed above was removed from the SST data, and they were slightly smoothed by applying a 5-month running mean filter prior to the POP analysis. The results of the POP analysis, however, remain basically unchanged when the trend is left in. In this case the trend is represented by a real POP mode. We would like to emphasize that our results do not depend on the analysis technique used. Canonical Correlation Analyses (CCAs) were also performed using the observed SST anomalies and the observed or simulated wind stress anomalies, and the CCAs are entirely consistent with the POP results. In particular, the CCAs yielded decadal modes with spatial structures markedly different to that of ENSO, a feature that is discussed below on the basis of the POP results. We do not show the CCA results here for the sake of brevity.
Here, we discuss the two most energetic POP modes of the SST variability. The most energetic mode is associated with the ENSO phenomenon and accounts for about 25% of the total SST variance. The second most energetic POP mode accounting for about 10% of the variance exhibits considerable decadal variability and will be referred to as the decadal mode (section 3c). The decadal POP mode shows some aspects of the North Pacific mode described in detail by Latif and Barnett (1994) , Latif and Barnett (1996) , and Robertson (1996) . The observational SST record used here, however, is much too short to address the question as to whether the decadal POP and the North Pacific modes describe the same phenomenon.
The ENSO POP mode has a rotation period of about 40 months and a damping time of about 44 months. For convenience, we display here the positive real and negative imaginary part of the ENSO POP mode because they follow each other in time according to (1), so that the evolution of the SST anomalies associated with this POP mode is easy to follow. The ENSO POP mode shows the well-known features described in many papers (e.g., Rasmusson and Carpenter 1982; Weare et al. 1976; Kawamura 1994) . Although the ENSO POP mode does not provide any new results, we display it here for the sake of comparison with the other variability modes. The two POP coefficient time series (Fig. 5) show clearly the observed extremes in the ENSO cycle. An inspection of the spectra of the POP coefficient time series revealed two peaks, one near 60 and one near 30 months (not shown), which is consistent with many other observational studies (e.g., Rasmusson and Carpenter 1982; Barnett 1991) . The ENSO mode also exhibits some decadal variability as witnessed by the POP coefficient time series. There exists, however, a decadal mode that is independent of ENSO, as described below.
The SST anomalies associated with the ENSO mode evolve basically as a standing oscillation, with weak SST anomalies occuring first in the eastern equatorial Pacific and then spreading westward (Figs. 6a and 6b) . The largest explained variances are found in the eastern and central equatorial Pacific and in the equatorial Indian Ocean (Fig. 6c) . The SST anomalies during the ENSO extremes (Fig. 6b) are strongest in the eastern equatorial Pacific, with weaker anomalies of the same sign in the equatorial Indian Ocean and of opposite sign in the North Pacific. We would like to emphasize that the 5-yr mean SST anomalies (Fig. 1) are not associated with strong SST anomalies in the eastern equatorial Pacific, which is the ENSO key region. Thus, in order to describe the anomalous 1990s it is not adequate to refer to an ''extended'' or ''permanent'' El Niño.
The atmospheric changes associated with the ENSO POP mode as derived from the observed stresses and the AGCM simulation are shown in Figs. 7 and 8. Overall the model reproduces reasonably well the evolution in surface stress (Fig. 7) . Both the observations and the model show the well-known features: The SST anomalies in the eastern and central equatorial Pacific are accompanied by westerly wind stress anomalies over the western and central equatorial Pacific (Figs. 7c and  7d ) and the characteristic Southern Oscillation pattern in SLP (Fig. 8b) . These features are highly significant as was derived from the corresponding maps of explained variances (not shown). The atmospheric fields derived from the ENSO mode are distinctly different from those associated with the SST trend (Fig. 4) . While the trends indicate a strengthening of the trade winds over the Pacific, ENSO is associated with a weakened equatorial circulation. This supports the view that other dynamical processes than those involved in ENSO must cause the warming trend.
c. Decadal mode
The second most energetic POP mode explaining about 10% of the SST variance will be referred to as the decadal mode. It has a rotation period of about 13 yr and a damping time of about 4 yr. We would like to point out that timescale estimates from such relatively short records are subject to large uncertainties. More important to our discussion, however, are the spatial structures, and we base our discussion of the anomalous 1990s mostly on the different spatial patterns. To facilitate the description of the decadal POP mode, we rotated it in such a way that the correlation of northeastern Australian rainfall anomalies is maximized with respect to the imaginary part. The rotation in the complex POP plane can be done without loss of generality.
As expected from the rotation period, the POP coefficient time series of the decadal POP mode show considerable decadal variability, with some interannual variability superimposed (Fig. 9) . The POP pattern of the imaginary part (Fig. 10b ) exhibits positive SST anomalies in all three tropical oceans, with a horseshoetype pattern in the tropical Pacific and positive SST anomalies along the west coast of North America. The horseshoe pattern in tropical Pacific SST associated with the decadal POP mode shows some similarities to the anomalous conditions observed during the 1990s (Fig.  1) . The rotation from the (negative) real part to the imaginary part indicates that the SST anomalies associated with the horseshoe originate in the subtropics at the west coasts of North and South America (Fig. 10a) . This is supported by the explained variances (Fig. 10c) , which show relatively high values in these two regions. Explained variances are also relatively high along the northern lobe of the horseshoe and in the tropical Atlantic, especially in the Southern Hemisphere. The decadal mode does not account for much variance in the Indian Ocean and in midlatitudes. We note two more points: First, the evolution of the SST anomalies in the tropical Pacific according to the decadal POP mode is somewhat reminiscent of that expected from subduction processes (e.g., Liu et al. 1994; McCreary and Pu 1994) . Analysis of subsurface observations and further numerical experimentation, however, are needed to address this topic in detail. Second, one phase of the decadal POP mode (the unrotated imaginary part) looks very much like the trend mode. So, the continuation of the trend might favor the conditions for the decadal mode. The decadal mode is not connected with strong SST anomalies in the eastern equatorial Pacific and it does not account for much variance in this region either. We therefore conclude that the decadal mode is distinct from the ENSO phenomenon. The impact of the decadal mode on the tropical climate system, however, is somewhat similar to that observed during ENSO extremes. The horseshoe pattern in SST is associated with westerly wind stress anomalies in the western and central equa- wind stress anomalies over the equatorial Indian Ocean (Fig. 11) , and there is an indication of a Southern Oscillation-type response (Fig. 12) , with anomalously high SLP centered over Indonesia and anomalously low SLP over the eastern Pacific. The explained variances in the atmospheric fields are generally low (not shown). However, the changes associated with the decadal POP mode account for a considerable fraction of the decadal variability in the atmospheric fields. The explained variances amount to about 30% in the centers of action when the data were smoothed with a 5-yr running mean filter (not shown).
The existence of the decadal mode is also supported by an investigation of the observed northeastern Australian summer (DJF) monsoon rainfall, an independent dataset. Decadal fluctuations in this quantity are highly (anti-)correlated with the imaginary part of the decadal POP mode (Fig. 13) . The correlation between the two time series amounts to about Ϫ0.8, which is significant at the 99% level. Further, the cross-correlation functions between the (negative) real and the imaginary parts of the decadal POP mode with the anomalous northeastern Australian summer monsoon rainfall are characteristic of a periodic process with a decadal timescale (Fig. 14) .
Thus, the analyses of the observations reveal that decadal fluctuations in northeastern Australian rainfall are strongly linked to decadal variations in tropical SST. The decadal SST changes, however, cannot be attributed simply to decadal changes of the ENSO mode, which was revealed from a correlation analysis of the low-pass filtered ENSO POP coefficients with the northeastern Australian rainfall (not shown). The correlations of the low-pass-filtered coefficients of the ENSO POP mode with the northeastern Australian summer monsoon rainfall do not exceed values of 0.5 at any lag. The pattern of the decadal SST variability that accompanies decadal fluctuations in northeastern Australian rainfall is distinctively different from the pattern of the SST variability associated with ENSO. While the latter is connected primarily with strong SST anomalies in the eastern equatorial Pacific, the decadal mode exhibits strongest SST anomalies in the western equatorial Pacific and off the equator, and it is this characteristic horseshoe pattern that goes along with the decadal rainfall fluctuations over northeastern Australia.
The anomalous 1990s
To understand the anomalous 1990s in more detail, we projected the SST data onto the variability modes described above. By doing so we obtain pseudo principal components (PPCs), and the amplitudes of the PPCs provide an objective measure of the strengths of the modes during the analyzed period. To highlight the SST variations in the tropical Pacific, we restricted the projection to the tropical Pacific Ocean only. The projections onto the trend pattern do not show an upward tendency during the 1990s (Fig. 15) . If anything, there is even a slight cooling tendency in the PPCs. Thus, we conclude that the anomalous 1990s cannot be explained by the background trend in SST.
We then projected the SST data onto the ENSO POP mode (Fig. 16) . The PPCs of the (negative) imaginary part (which is a good index of ENSO extremes) derived from both the UKMO and NMC SSTs show clearly that the year 1991 was a warm ENSO year in our definition. After 1991, however, no evidence for a strong ENSO activity is found. The period 1992-94 is characterized instead by weak high-frequency ENSO-like variations. The projection of the NMC data onto the decadal POP mode supports the visual impression that the anomalous 1990s were indeed dominated by the decadal mode (Fig.  17) . The amplitude of the ENSO POP mode is generally stronger than that of the decadal POP mode prior to 1990. However, the amplitude of the decadal POP mode is well developed after 1990, while it is relatively weak for the ENSO mode (Fig. 18) . The 1990s are the only time when the amplitude of the decadal POP mode is even stronger that that of the ENSO POP mode. We conclude therefore that the anomalous 1990s are mainly caused by the decadal mode, with some weak and shortperiod ENSO fluctuations superimposed.
Hybrid coupled model results
To study the sensitivity of ENSO to the low-frequency wind stress changes associated with the trend and decadal mode, we conducted a series of 100-yr integrations with our hybrid coupled model. The HCM simulates quasi-regular oscillations with a period of 5 yr, when run under unperturbed conditions (Fig. 20 , later in this section). The oceanic background conditions are changed by adding to the climatological wind stress field idealized low-frequency surface wind stress anomalies obtained from the simulation with the ECHAM-3 model.
The HCM was forced first by the low-frequency wind stress changes that are associated with the linear trend. For this purpose, a wind stress anomaly was added to the HCM, which has the spatial structure shown in Fig.  4b and evolves linearly in time according to the trend coefficients. The trend-related stress anomalies are zero during the middle of the experiment. The HCM is sensitive to the trend in the wind stress. As expected, eastern equatorial Pacific SST anomalies in the Niño-3 re-VOLUME 10
12. Associated patterns of simulated sea level pressure anomalies (hPa) with respect to the decadal POP mode: (a) (negative) real part, (b) imaginary part.
FIG. 14. Lagged cross correlations between the low-pass-filtered (retaining variability with periods longer than 5 yr) anomalous summer (DJF) rainfall (shown in Fig. 13 ) and the corresponding POP coefficient time series of the decadal POP mode (processed in the same way). The correlation of the rainfall index with the imaginary part is given by the solid line and that with the (negative) real part by the dashed line. FIG. 13 . Relationship between the decadal POP mode and northeastern Australian rainfall anomalies (mm). Shown are the low-passfiltered (retaining variability with periods longer than 5 yr) anomalous summer (DJF) rainfall (solid) and the corresponding values of the imaginary part of the decadal POP mode (processed in the same way) shown in Fig. 9 . The POP coefficient time series was scaled to match the amplitude of the rainfall index. gion show a gradual cooling, which can be attributed to enhanced equatorial upwelling in response to the strengthening of the trade winds in the equatorial region. The HCM simulates quasi-regular oscillations during the middle of the experiment, when the wind stress anomalies associated with the trend are small (Fig. 19) . No interannual oscillations, however, are simulated when the ''trend anomalies'' are well developed. The HCM undergoes two bifurcations: Near year 30, the system switches from a quasi-stationary regime with weak interannual variability to an oscillatory regime, while near year 70 the interannual oscillations are replaced by a small residual annual cycle. Very similar behavior is simulated by the HCM when the experiment is started from different initial conditions.
We then investigated the sensitivity of the HCM to the wind stress changes associated with the decacal POP mode (Figs. 11b and 11d) . To keep the experiments as simple as possible, the two surface wind stress patterns associated with the decadal POP mode were assigned a sinusoidal time evolution. Furthermore, we assumed a rotation period of 20 yr and an infinite damping time. Thus, we allow the POP cycle to repeat itself undamped. To investigate the sensitivity of the ENSO cycle to the strength of the decadal wind stress fluctuations, three experiments were performed, corresponding to a twostandard deviation, two-and-a-half-standard deviation, and three-standard deviation change in the decadal POP mode, respectively. The three experiments show clearly that the HCM is sensitive to the wind stress changes induced by the decadal POP mode. As the amplitude of the forcing is increased, the interannual variability becomes increasingly irregular and the level of interannual variability decreases. In conclusion, the changes in the oceanic background conditions induced by realistic lowfrequency wind stress fluctuations can have an important impact on the ENSO cycle.
Summary and discussion
We have investigated the dominant variability modes in the Tropics by analyzing the SSTs observed during the period 1949-94, observed wind stresses and northeastern Australian rainfall, and the output of a multi- decadal run with an atmospheric general circulation model forced by observed SSTs. Three modes were identified: A trend or not resolved ultra-low-frequency variability, the ENSO, and a decadal mode. Our analysis indicates that the anomalous 1990s were dominated by the decadal mode, whereas the ENSO cycle and the trend were not well developed.
Although the shortness of the instrumental record used here precludes any definite statement about existence of the decadal mode in the tropical climate system, additional support for the existence of such an oscillation comes from long instrumental records of surface temperature (Ghil and Vautard 1991; Mann and Park 1994) . Four different coral records varying in length from 170 to 370 yr also have some evidence for spectral peaks in the decadal frequency band. These records are from widely scattered sites in the tropical Pacific basin, the New Hebrides (Quinn et al. 1993) , the west coast of Central America (Linsley et al. 1994) , the Galapagos Islands , and New Caledonia (T. J. Crowley 1996, personal communication). Although more statistical work would be required to establish higher confidence that the coral records are recording the same phenomena as we discuss, we consider the coincidence in timing highly suggestive.
The decadal mode has a horseshoe-type signature in the tropical Pacific, with strongest SST anomalies in the western equatorial Pacific, extending to the northeast and southeast. The tropical climate impact of the decadal mode resembles somewhat that observed during ENSO extremes, with westerly wind anomalies over the western and central equatorial Pacific and anomalous dry conditions over northeastern Australia. The decadal mode is distinct from the ENSO mode not only because of the different timescales, but also because the spatial structure of the two modes differ considerably. While the ENSO mode has strongest SST anomalies in the eastern equatorial Pacific, the decadal mode shows strongest SST anomalies in the western equatorial Pacific and off the equator. It is therefore important to distinguish the ENSO from the decadal mode from a dynamical point of view. Latif and Barnett (1994) and Latif and Barnett (1996) have offered one plausible physical explanation for the decadal mode. However, subduction processes might also contribute to the generation of decadal variability (e.g., Gu and Philander 1997) . Since subsurface observations are rather sparse, long integrations with coupled ocean-atmosphere models are needed to investigate the dynamics of the decadal mode in more detail.
The impact of the decadal mode on the ENSO cycle is still unclear, and we were not able to identify a simple relationship between the decadal mode and ENSO neither in the observations nor in the hybrid coupled model runs. Even in the idealized experiments with our hybrid coupled model, the interactions between the two modes were rather complicated. We have shown that the de- cadal mode is a source of ENSO irregularity, but a simple modulation of the ENSO amplitude, as expected from ''delayed action oscillator'' theory, was not observed in the HCM experiments. Although stochastic forcing was not considered in the HCM experiments, the interactions between the decadal mode and the ENSO cycle are not straightforward. We therefore expect that it will be very difficult to explore the nature of this interaction in the real world.
The atmospheric changes associated with the trend in SST are not consistent with the changes observed during the 1990s. While the trends in the wind stress indicate a strengthening of the trade winds, a weakening of the trade winds was observed during the 1990s. Thus, our results are in conflict with those presented by Trenberth and Hoar (1996) , who claim that the anomalous 1990s are most likely an expression of greenhouse warming. Although, the trend in SST seems not to be responsible for the anomalous 1990s, its analysis revealed some interesting results. The SST trend is rather strong and significant in the tropical Indian Ocean and western tropical Pacific, which are the warm pool regions. Consistent with a warming of the warm pool and enhanced tropical convection, the large-scale atmospheric circulation intensifies. It is important that these changes in the atmospheric circulation can feedback onto the SST. Thus, if the trend is associated with greenhouse warming, the latter will exhibit considerable spatial variations in the SST warming pattern not only due to the changes in the ocean circulation itself but also due to the anomalous fluxes resulting from the anomalous atmospheric circulation. The cooling of the North Pacific, for instance, is entirely consistent with this picture. Enhanced tropical convection will lead to a stronger Aleutian low and subsequently to cooler SSTs due to anomalous Ekman heat transport, anomalous heat loss of the ocean, and enhanced mixing. It will then eventually depend on the relative roles of the direct greenhouse warming and the dynamical feedbacks by the atmosphere whether there will be a net cooling or warming.
Likewise, the equatorial Pacific might be affected as well by the dynamical feedbacks of the atmosphere. We have shown that the trade winds intensify in both the observations and the atmosphere model data. The eastern and central equatorial Pacific will have the tendency to cool, while the western Pacific might slightly warm in response to the stronger trades. Furthermore, unstable air-sea interactions similar to those involved in the generation of ENSO might further amplify this tendency (e.g., Bjerknes 1969; Dijkstra and Neelin 1995) . Inter-VOLUME 10 J O U R N A L O F C L I M A T E estingly, the SST trend pattern exhibits a relative minimum in the eastern and central equatorial Pacific, which indicates that this is indeed happening.
Overall, our results suggest that other phenomena than ENSO are going on in the tropical climate system. ENSO is certainly the strongest fluctuation on interannual timescales, but the decadal variability cannot be described exclusively as a decadal modulation of ENSO. There appears to be a decadal mode of variability that is independent of ENSO, and this decadal mode dominated the 1990s. It is unclear what the impact of the decadal mode on ENSO is, but our hybrid coupled model results suggest that the decadal mode is a source for the irregularity of ENSO and therefore important to ENSO predictability. Most ENSO prediction models failed to predict the conditions in the tropical Pacific after 1991 (e.g., Ji et al. 1996) . It is still an open question why the prediction models failed. One possible reason might be that anomaly models are not able to capture the low-frequency modulations that arise from the decadal mode. We have the hope that more complete models will be able to do a better job in predicting the 1990s. The anomalous 1990s provide therefore a good testbed for the development of coupled models that are used in ENSO forecasting.
